The purpose of this study was to determine the effect of calcium (Ca) on the surface characteristics and physical properties of magnesium-calcium alloys after anodization. A novel binary alloy Mg-xCa (in which x = 0.5, 1, or 5 wt.%) was cast by combining magnesium (99.9%) and calcium (99.9%) in an argon gas (99.99%) atmosphere. A magnesium alloy rod having a diameter of 15 mm was cut into discs, each 2 mm thick. The specimens were subjected to anodic oxidation at 120 V for 15 minutes at room temperature in an electrolyte solution consisting of calcium gluconate, sodium hexametaphosphate, and sodium hydroxide. Surface and cross-sectional morphological changes were observed using scanning electron microscopy, and the microstructures and phases were detected by means of X-ray diffraction. Hardness and surface roughness were assessed by means of a Vickers hardness tester and a surface roughness meter, respectively. The results show that the physical properties of these magnesiumcalcium alloys have been improved, because it was possible to control the dissolution rate according to the amount of calcium added.
Introduction
The frequency of surgical treatments for bone-related disorders, including orthognathic surgery, has markedly increased in response to the rising number of injuries related to transportation and industrial disasters, longer life expectancies, and the growing interest in a more aesthetic appearance and in enhancing one's quality of life. In the case of orthopedic surgery, noble metals such as stainless steel, titanium alloys, and cobalt-chrome alloys are now commonly used in the manufacture of dental materials, including bone screws, bone plates, bone fixation devices, artificial joints, and dental implants [1] .
These metals are considered appropriate for medical use because they are relatively inert and semi-permanent in the body, and shorten the postoperative recovery [2] . After dental implants containing these semi-permanent metals have properly adhered to the bone, they must be removed in a secondary procedure, which can cause pain and chronic infection. Moreover, these implants may distort the images obtained on screening devices, can influence the mobility of bone structures, and may fracture as a result of sustained overload.
In an effort to overcome these shortcomings of inactive metals, researchers have sought to develop absorbable metals that will naturally degrade after the damaged bone has recovered [1] . Magnesium (Mg), which is currently used in absorbable dental implants, is considered * corresponding author; e-mail: ykd@jnu.ac.kr a proper candidate for absorbable materials. Because it is found naturally in the human body and is therefore non-toxic. In addition, this mineral has a low density, a high level of mechanical strength and fracture toughness and superior biological compatibility [3] . About 50% of Mg in the human body is present in the bone tissue [4] , where it helps to increase the growth and strength of bone [5] . Mg has a low modulus of elasticity when compared with other metals, which may help prevent the stress shield phenomenon, which is possibly a major cause of implant failure [6] [7] [8] [9] [10] . However, one of the shortcomings of Mg is that it produces hydrogen gas while it dissolves and corrodes in the body, often before the damaged areas are fully recovered, causing its mechanical properties to become degraded [6, [11] [12] [13] [14] The degraded mechanical strength of Mg, due to corrosion, decreases the support capability of Mg implants, which compromises implant function in vivo.
Rapid control of the biodegradation rate in vivo is desirable, and efforts to achieve this goal include the use of alloys, surface coating, and refining [15] . Element alloying is one way to develop a Mg-based biodegradable material in vivo [16, 17] . Adding alloyed elements is expected to improve implant performance by enhancing its mechanical properties and increasing its resistance to corrosion [18, 19] . The Mg-based alloys used for biodegradable materials should also be non-toxic [20] . Calcium (Ca) has also been reported to be a non-toxic material in the human body [21, 22] . Mg-Ca alloys are also advantageous in that they help recovery of skeletal structures by releasing Mg 2+ and Ca 2+ ions [20] .
Mg-Ca alloys are also suitable dental implant materials in terms of their biodegradability [23] [24] [25] , the virtue of Mg as biodegradable implant material being its superior mechanical properties and controllable corrosion resistance [26] . The standard electrode potential of Mg is as low as −2.363 V (relative to the normal hydrogen electrode [NHE]), and it rapidly corrodes in air or solutions without surface treatment. Therefore, surface coating has emerged as an important means of improving corrosion resistance [27, 28] . Anodizing refers to the process of forming an oxygen layer when electrolysis is performed and oxidation occurs at the anode [6, [29] [30] [31] . This method is very effective in preventing the corrosion of Mg alloys, which have high surface reactivity, owing to high corrosion resistance, wear resistance, and electric resistance [31] [32] [33] [34] [35] .
In this study, we have produced binary alloys consisting of Mg-xCa (x = 0.5, 1, 5 wt.%) and anodized them at 120 V for 15 minutes to assess methods for controlling their rapid rate of biodegradation in vivo. After anodization, the surface properties and physical properties of these alloys were observed and analyzed. We also analyzed their microcrystalline structure by means of highresolution X-ray diffractometry.
Materials and methods

Specimen preparation
We have produced binary alloys using magnesium (Mg) (99.9%, Sincere East, China) and calcium (Ca) (99.9%, Junsei Chemical, Japan). The required amounts of Mg and Ca were put into a vacuum arc remelting furnace (Ace Vacuum, Korea) at 700 to 810
• C and were melted by induction heating in a vacuum at 300 A. The molten metal was left untreated to allow stabilization for 45 minutes under melting conditions, after which it was poured into a mold that had been preheated at 200
• C for 2 hours. A magnesium rod 15 mm in diameter was then cut into 2 mm-thick discs using a ISOMET 5000 linear precision saw (Buehler, USA) for surface analysis and to determine their physical properties. All specimens were polished using Labopol-5 grinder (Struers, Denmark) with silicon carbide abrasive papers, ranging from very rough to very fine (#600 to #2000), and then underwent final wet grinding with a 0.3 µm α-alumina (Al 2 O 3 ) suspension. For ultrasonic cleaning, the prepared specimens were immersed in distilled water for 3 minutes. Any remaining organic compounds and impurities on the disc surfaces were removed to minimize their possible effects, and the specimens were then dried and stored at room temperature.
Experimental groups
The anodized magnesium-calcium alloy specimens were divided into three groups according to calcium content (0.5, 1, or 5 wt.%): Mg-0.5Ca, Mg-1Ca, and Mg-5Ca. Anodized pure Mg was used as the control (Table I) . 
Anodizing process
All specimens were treated in a 4-step process involving a 3-minute ultrasonic cleaning in distilled water using JAC-2010 ultrasonic cleaner (Kodo, Korea), acidification, anodizing, and sealing. The specimens were then cleaned three times for 10 seconds, each time using reverse osmosis to wash off the remaining solution. A VUPOWER-AK6003 DC power supply (ICAN, Korea) was used as the supply of electrical current, and the specimens were anodized, with the magnesium serving as the anode and a platinum plate (3 × 4 × 0.1 mm 3 ) serving as the cathode, with a distance of 30 mm between the anode and the cathode. The electrolyte solution consisted of calcium gluconate (4 g/L), sodium hexametaphosphate ((NaPO 3 ) 6 ) (3 g/L), and sodium hydroxide (NaOH) (6 g/L). The solution inside the tank remained at room temperatures (20) (21) (22) (23) (24) (25) • C) as the water had circulated. A Scr-rectifier DC purifier (Hyun Sung Electronic, Korea) was used, and anodization ( Fig. 1) was carried out for 15 minutes at 120 V. After being anodized, the specimens were submerged in 100
• C distilled water for sealing and were then dried by blowing air. 
Surface analysis of anodized specimens
After platinum coating using an E-1030 Ion Sputter apparatus (Hitachi, Japan), a field emission scanning electron microscopy (FE-SEM) using a S-4700 microscope (Hitachi, Japan) was used to observe the surface of the anodized Mg-Ca based alloys. Energy dispersive spectroscopy (EDS) was done using a XFlash Detector 5030 (Bruker Nano, Germany) for elemental analysis.
Surface roughness
A DIAVITE DH-7 two-dimensional contact stylus profilometer (Asmeto AG, Switzerland) was used to measure the mean surface roughness (Ra) for the anodized pure Mg and the three Mg-Ca alloys. All specimens were measured 12 times, and the mean roughness value was calculated as the difference between the maximum and minimum values.
Surface hardness
To assess the mechanical properties of the anodized Mg-Ca alloys, surface hardness was measured using a model MHV-2000/s Vickers hardness tester (Huatec, China). Each specimen was measured 12 times to minimize errors, and mean values were calculated with 10 results, leaving out the maximum and the minimum measurements. A diamond indentor was used to measure the indentations made on each specimen at a load of 300 g.
Crystal structure analysis
The microcrystalline structure of the anodized MgCa alloys was analyzed using high resolution X-ray diffractometry using an X'pert PRO multi-purpose X-ray diffractometer (PANalytical, Netherlands). The analysis was performed at the speed of 2
• per minute using X-rays produced at 40 kV and 35 mA. The 2θ was varied within the range of 20-80
• and the diffraction surface was presented by a JCPDS card (09-0432).
Anodic oxide film thickness
Anodized Mg rod specimens were embedded in Caulk acrylic resin (Dentsply, Germany) and the center of the specimens were cut using an ISOMET 5000 linear precision saw (Buehler, USA). The surface of the prepared specimens was polished to a high number using graded low number (#600) to high number (#2000) silicon carbide abrasive papers using a Labopol-5 grinder (Struers, Denmark), followed by wet grinding using a 0.3 µm alpha alumina (Al 2 O 3 ) suspension. For ultrasonic cleaning, the prepared specimens were immersed in distilled water for 3 minutes. Anodic oxide film thickness was measured by FE-SEM.
Statistical analysis
IBM SPSS Statistics version 21 software (SPSS, Chicago, IL, USA) was used for statistical analyses. The values were statistically analyzed by one-way ANOVA followed by Tukey's honest significance test and the Bonfferoni test to assess statistical significance. All comparisons were considered statistically significant if p < 0.05.
Results and discussion
Analysis of surface coating by anodizing
Using SEM, we have examined the microstructures of the coatings formed on the alloy surfaces. The representative images can be seen in Fig. 2 . As expected, the addition of Ca has resulted in denser and smaller crystal grains, because Ca effectively refines the grains of Mg. Moreover, since the solubility limit of Ca in Mg is relatively low (0.98 wt.%), Ca is released during solidification, which leads to supersaturation of Ca at the surface. The remaining solute suppresses the growth of the grains [36] . Figure 3 graphically depicts the results of surface roughness measurements conducted to examine the effect of Ca in each alloy. Studies have shown that anodization with an electrolyte solution containing NaOH and Na 3 PO 4 had markedly increased the roughness [37] [38] [39] [40] . The highest and lowest roughness values had had Mg-5Ca alloy (0.353 µm) and the pure Mg, respectively. The increasing roughness with the increasing Ca content most likely reflects the formation of a precipitate during anodizing with the electrolyte solutions containing NaOH and Na 3 PO 4 , at constant current and voltage. Fig. 3 . Graphs of surface roughness (Ra) of pure Mg and Mg-Ca alloys coated through anodization (n = 10). The letters a, b, c denote significant difference at p < 0.05. Figure 4 graphically presents the results of Vickers hardness measurements. Increasing Ca content has led to a progressively greater surface hardness, with an evident excellent mechanical strength. The Mg-5Ca alloy displayed the highest level of hardness, which was 1.7 times higher than that of the pure Ca-free Mg specimens. This finding apparently represents intermetallic reinforcing due to the added Ca; an oxidized layer is formed to create an intermetallic compound, Mg 2 Ca, which is formed of fine particles and has a high melting point. This layer substantially improves the physical properties of the Mg-5Ca alloy [39] . It is likely that the addition of Ca has progressively increased the hardness of the Mg-Ca alloys. Hardness can affect the phase distribution. The size reduction as well as the increased overall amount of secondary phase during the solidification, is likely the result of Mg 2 Ca precipitates at the interface between the substrate and the particles [38] . 
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Crystalline analysis
Representative X-ray diffraction patterns of anodized pure Mg and the Mg-Ca alloy are shown in Fig. 5 . Every material group has shown a phosphorus diffraction peak on surface, which was probably caused by sodium hexametaphosphate ((NaPO 3 ) 6 ) formed during the anodizing process and by phosphoric acid solution (H 3 PO 4 ) formed in the preconditioning process. In addition, unlike pure Mg sample, all Mg-Ca alloys have displayed Ca and Mg 2 Ca phases, with peak intensity from the (400) surface, increasing with the increase of Ca content. This is considered to be a result of increasing amount of Ca, which satisfies the diffraction condition at the surface layer. Figure 6 includes representative FE-SEM images of the coated layer of anodized alloys containing various amounts of Ca. The thickness of the oxidation layer has increased with the amount of Ca, with the thickness of the Mg-5Ca alloy being the greatest. Because Ca is effective in preventing the alloy oxidation during casting or annealing and also plays a role as a grain refiner, the oxidation layer has probably formed a fine film (averaging 5.3 ± 0.79 µm) with the addition of Ca, as the anodizing layer became thicker. Figure 7 displays EDS images, showing the linear scans along the anodized layers. Both phosphorus and calcium were more widely distributed on the outer layer than on the inner layer of the anodized surfaces. The distribution of Ca on the outer layer has increased with increasing concentration of Ca in the alloys. 
Anodized layer thickness
Conclusions
We have evaluated the effects of different amounts of Ca on anodized Mg-Ca alloys by examining the surface characteristics and physical properties of these alloys in vivo. With the addition of Ca a fine film layer is formed at the anodized surface, which improves the corrosion resistance. Addition of Ca makes the particle size finer and markedly increases the number of secondary phase precipitates on the surface of alloys. Due to the grain refinement of Ca, the intermetallic Mg 2 Ca is evenly distributed on the surface. The increase of the amount of Ca has correlated with the increasing hardening of the binary alloys. In addition, at a constant current and voltage, surface roughness has increased with the increasing Ca content, owing to precipitates formed during the anodizing process using electrolyte solutions containing sodium hydroxide (NaOH) and phosphoric acid (H 3 PO 4 ). The contents of Ca and phosphate, which satisfied the diffraction condition were increased by the sodium hexametaphosphate ((NaPO 3 ) 6 ) electrolyte solution, which was used for anodizing and preconditioning, and by the phosphoric acid (H 3 PO 4 ) solution. Finally, the addition of Ca has helped the grain refining process, with the formation of a dense film layer. As Ca content increased, both anodized layers had became thicker. Anodized pure Mg and Mg-Ca alloys have displayed improved physical properties as the Ca content increased, enabling the control of the speed of dissolution. The results demonstrate the applicability of Mg-Ca alloys as the biodegradable implant material.
